As an adaptation to periodic fluctuations of environmental light, photosynthetic organisms have evolved a circadian clock. The gene expression of ROS scavenging enzymes is regulated by circadian clock genes, which has been considered to help deal with the diurnal photogeneration of reactive oxygen species (ROS). Although a series of recent discoveries have suggested the correlation between circadian clock control and ROS scavenging mechanisms, circadian rhythms of ROS stress tolerance have not been experimentally demonstrated to date. In the present work, we constructed a novel assay using methyl viologen (MV) which generates ROS under light irradiation and experimentally verified the circadian rhythms of ROS stress tolerance in photosynthetic cells of cyanobacterium Synechococcus elongatus PCC7942, a standard model species for the investigation of circadian clock. Here, we report that ROS generated by MV treatment causes damage to stroma components and not to the photosynthetic electron transportation chain, leading to reduced cell viability. The degree of decrease in cell viability was dependent on the subjective time at which ROS stress was applied. Thus, ROS stress tolerance was shown to exhibit circadian rhythms. Notably, rhythms of ROS stress tolerance disappeared in mutant cells lacking the essential clock genes.
Text
Oxygenic photosynthetic organisms are inescapably exposed to harmful reactive oxygen species (ROS), including singlet oxygen, superoxide anion, hydrogen peroxide, and hydroxyl radical in return for using water as an electron donor. When energy absorbed by the photosynthetic system exceeds the rate of CO 2 assimilation, ROS is abundantly produced, making timely management of ROS levels essential. ROS levels in photosynthetic organisms can be controlled by avoiding excess production of ROS through mechanisms such as cyclic electron flow, non-photochemical quenching, and the water-water cycle (1) (2) (3) or scavenging ROS that are inevitably generated. For example, superoxide dismutase and catalase are universally distributed across species and can detoxify superoxide and hydrogen peroxide, respectively. Further, ROS can be non-enzymatically reduced by lipophilic small molecules such as α-tocopherol, β-carotene, and plastoquinone (4, 5) .
While changes in the light environment can be unpredictable due to various factors, all photosynthetic organisms have evolved circadian clocks to adapt to the 24 h predictable changes in light levels. Daily fluctuations in environmental light levels lead to periodic variations in ROS levels and there is thus a close correlation between the circadian clock and ROS levels and/or ROS scavenging systems (6) . In fact, the expression levels of clock genes are known to be affected by ROS levels (7) . Importantly, clock genes can in turn regulate the expression levels of antioxidant enzymes, providing a feedback loop between ROS level and the transcription and translation of clock genes. Moreover, it was recently reported that the redox state of peroxiredoxin, which has a primary role of H 2 O 2 detoxification, exhibits a circadian rhythm independent of its transcription and translation (8, 9) .
Although the relationship between the circadian clock and ROS elimination ability has been described, the impact of circadian-controlled ROS scavenging systems on physiological phenotypes has not been fully elucidated. In fact, no phenotype showing circadian rhythm in ROS stress tolerance has been experimentally confirmed to date. Thus, despite recent renewed interest in the interaction between the circadian clock and ROS stress tolerance, our current understanding on the interaction is very limited. Cyanobacterium Synechococcus elongatus PCC7942 (hereafter, S. elongatus), a photosynthetic autotrophic bacterium, is an appropriate model species for investigating these interactions because the molecular mechanism underlying its circadian clock is well understood, as summarized in recent reviews (10, 11) . Here, we developed an assay to examine the effect of ROS stress on cell viability in an attempt to characterize the circadian rhythm of ROS stress tolerance.
Results

ROS generation method. In photosynthetic living cells, generation of large amounts of ROS is
triggered by unfavorable conditions such as strong light irradiation or high (or low) temperature exposure. However, these intense stimuli may mask the circadian control of ROS stress tolerance because they directly affect various metabolic pathways and induce adaptation mechanisms against ROS stress, such as structural optimization and modification of light-energy conversion systems.
Lacking the detailed mechanism of ROS generation in harsh conditions might hinder understanding ROS stress tolerance. Therefore, we developed an assay using methyl viologen (MV) with light irradiation as a ROS generation system with the aim of evaluating circadian clock involvement in ROS stress tolerance control at the phenotype level.
The molecular mechanism of ROS generation by MV has been well clarified and is well suited for the present work. Specifically, MV mediates an electron transfer reaction from photosystem I (PSI) or ferredoxin to oxygen under light irradiation, resulting in the production of superoxide (12, 13) . The generated superoxide is converted to H 2 O 2 and hydroxyl radical by subsequent disproportionation reaction and Fenton type reaction (14) . In our study, S. elongatus cells grown in a turbidostat were assayed for evaluation of ROS stress tolerance using the following protocol. First, 50 µM MV was added to cell culture aliquots taken at various subjective times, followed by 30 min light irradiation (This protocol for ROS generation is hereafter denoted as "MV/Light-treatment"). After the MV/Light-treatment, cells were washed with BG-11 medium and oxidative damage was evaluated by measuring oxygen evolution activity, P700 absorbance change or colony forming unit (CFU) ( Fig. 1) . As the addition of MV barely affects the rate of NADPH formation because of slow photosynthetic electron donation to MV compared to the flux of linear electron flow in cyanobacteria species (15) , the direct influence of MV on metabolism can be neglected. ROS generation by the MV/light treatment was confirmed by assay using 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA), which is converted by intracellular esterases to 2',7'-dichlorodihydrofluorescein, which can subsequently be oxidized by ROS to a fluorescent compound with an emission peak at around 520 nm. Thus, intracellular ROS level can be quantified by fluorescence intensity (Fig. 2) . The difference in fluorescence intensity normalized by control samples incubated without MV in darkness showed light intensity dependence. A small increase in ROS level was observed even for samples incubated in darkness with 50 µM MV due to the reduction of MV by intracellular NADPH.
Effect of ROS stress on photosynthetic activity. The effects of ROS generated by the MV/light treatment on the activities of overall electron transfer including photosystem II (PSII) and photosystem I (PSI) were investigated. Overall electron transfer activity was evaluated by measuring oxygen evolution reaction (OER) rate when CO 2 (NaHCO 3 ) was used as the sole electron acceptor.
The ratio of the OER rate for the cells incubated with MV against that for the cells incubated without MV shown in Fig. 3A indicates that OER rate was markedly decreased by the addition of MV for the dark condition and even more so for higher light intensity conditions. These patterns are consistent 5 with normalized fluorescence data in Fig. 2 showing a marked increase in ROS level by the addition of MV even in dark and light intensity dependence. Notably, the difference in OER rate was not significantly different for incubation with MV at 10 and 100 µmol m -2 s -1 ), suggesting that damage to the photosynthetic systems of samples with MV reached a maximum at light intensity 10 µmol m -2 s -1 .
Next, PSII activity was evaluated by measuring OER rate in the presence of 2,6-dichlorobenzoquinone (DCBQ), which intercepts photosynthetic electrons from PSII. The OER rate was not affected by the addition of MV or light intensity ( Fig. 3B ) while it was affected when CO 2 was used as the electron acceptor ( Fig. 3A ). This was either because ROS generated by MV addition did not damage PSII or any damaged PSII was quickly repaired. To verify which pathway was producing the observed result, PSII activity measurements were performed in the presence of a translation inhibitor, chloramphenicol (Cm), which prevents repair of PSII. Cells incubated in a medium containing Cm but no MV showed reduced PSII activity when exposed to light at an intensity of 100 µmol m -2 s -1 (Fig. S1 ). However, PSII activity at a light intensity of 10 µmol m -2 s -1 in the presence of Cm was maintained at the same level as that in the absence of Cm, indicating that photoinhibition of PSII does not occur under irradiation of 10 µmol m -2 s -1 . On the other hand, MV/light treatment did not affect PSII activity irrespective of light intensity (Fig. 3B ). These results indicate that ROS generated under MV/light treatment does not damage PSII.
Oxidative damage to PSI was also evaluated using an established protocol based on the absorption spectroscopy for the reaction center of PSI (chlorophyll, P700) (15) . As shown in Fig Oxidative damage to PSII or PSI is known to be caused by ROS generation due to excessive reduction of PETC components but not by ROS generation due to external addition of H 2 O 2 or MV (16) (17) (18) . In good agreement with these studies, as mentioned earlier, PETC activity was not impacted by oxidative stress induced by the MV/light treatment. On the other hand, overall photosynthetic activity and CFU values were decreased by MV/light-treatment (Figs. 3A, E). These results clearly indicate that stromal components, including enzymes participating in electron flux downstream of PSI, were damaged by ROS. In fact, lipids, DNA and Rubisco with CO 2 fixing ability are known to be damaged by ROS generated by MV (19, 20) . Oxidative damage to such components is likely to have caused a decrease in overall electron transfer activity and CFU. Fig. 4A ). Importantly, the oscillatory phase of the ROS stress tolerance rhythm was determined by phase of LD cycles (Fig.   4B ). Further, using period mutant cells (F470Y, S157P) having a free running period (FRP) of 16 and 21 h, respectively (21), CFU results showed periodicity corresponding with the FRP (Fig. 5 ).
Effect of the circadian clock on
Although these results suggest that KaiABC controls ROS stress tolerance of a cell, there is a possibility that circadian rhythms in CFU can be induced by rhythmical change in the amount of ROS generated by the MV/light treatment. However, electron flux in PETC where ROS is generated is known to be constant in the LL condition in S. elongatus (22, 23) . Further, as shown above, PETC itself was shown to not be damaged by the MV/light treatment. Thus, it can be concluded that the difference in the amount of generated ROS at various subjective times is negligible.
Next, we examined the temporal change in ROS stress tolerance using cells that had been exposed to varying light-dark schedules. In LL conditions, CFU time series data showed maximum values at subjective dawn and the lowest values at the subjective dusk (Figs. 4, 6A) . On the other hand, in LD conditions, bimodal CFU time courses with peaks around 4 and 16 h of Zeitgeber time were observed (Fig. 6B ). In S. elongatus, glycogen accumulation is programmed to be activated to coincide with reduced cell division rate at the subjective dusk by the circadian clock system (24) (25) (26) .
Supply of reducing power through catabolism of accumulated glycogen could keep the intracellular ROS levels low, even in the dark, when reducing power is not generated by photosynthesis (27) . In good agreement with these studies, the increase in ROS stress tolerance was observed in the first half of the dark period. It is likely that the decrease in ROS stress tolerance in the latter half of the dark period is due to a deficiency in the amount of stored glycogen in a cell (24) and/or due to a distribution of stored energy to cell division rate increase (25) . This explanation can be rationalized by the fact that a bimodal rhythm was not observed in the LL condition when reducing power can be generated at all times throughout photosynthesis (Figs. 4, 6A) .
When a 12 h dark pulse was applied at the subjective daytime to disturb the circadian rhythms, CFU values began to decrease as early as 4 h after onset of the dark pulse ( Fig. 6C ).
Comparing Figs. 6B and C shows that the increase in the CFU values during the dark period was
observed only in cells that were synchronized in the regular 24 h LD cycle. These results indicate that the characteristic time profiles of CFU values under LD conditions reflect the ROS stress tolerance controlled by the circadian clock system.
Discussion.
As shown in our study, ROS stress tolerance rhythms were observed in cell viability ( Fig. 4, 6A) . Considering that the MV/light treatment causes damage to stromal components, it can be concluded that ROS scavenging ability (i.e., antioxidant ability) in the stroma varied rhythmically. elongatus cells have revealed that various mRNA expression levels, including superoxide dismutase and peroxiredoxins exhibited circadian rhythms (28) . However, much fewer numbers of proteins exhibited daily rhythms in the LD condition, and more importantly, no known antioxidant enzymes were included in proteins groups that exhibit rhythmic expression (29) . Therefore, contribution of diurnal variation of expression level of antioxidant enzymes to ROS stress tolerance rhythms may be limited. In contrast, a clear circadian rhythm in reducing power has been demonstrated; for example, in electrochemically demonstrated intracellular redox rhythms (23, 30) . Further, as mentioned earlier, NADPH production was shown to be activated at night based on glycogen accumulated in the subjective dusk (25) . In other words, NADPH generation, hence the intracellular redox, is periodically activated under control of the circadian clock.
Altogether the present study demonstrated circadian clock control of ROS stress tolerance 8 changes in S. elongatus. Although the addition of 50 µM MV is known to cause an adaptive response that increases mRNA accumulation of peroxiredoxins within 30 min (31), cell viability periodically changed in a subjective time-dependent manner, indicating that pre-adaptation against ROS stress through the circadian clock system was more efficiently achieved through post-adaptive responses.
Further study along these lines will deepen our understanding of competitive fitness advantages, as well as the origin and evolution of the circadian clock (9, 10) .
Materials and Methods
Bacterial strains and cell culture conditions. We used the following S. elongatus strains: wild-type reporter strains (P kaiBC ::luxAB and P psbAI ::luxCDE) (32), kaiABC-deficient P kaiBC reporter strain (33) and two kaiC mutant strains with short periodicity carrying P kaiBC reporters (F470Y and S157P) (21) .
These strains were grown in liquid or on solid (1.5% Bacto agar) BG-11 medium. Liquid cultures were grown in flasks (batch culture) or turbidostat (continuous culture) at 30 ºC with air bubbling and exposure to light at an intensity of 30-40 µmol m -2 s -1 . For continuous culture, cell density was continuously monitored using an optical sensor with near-infrared light (NI; 840 nm ~ 910 nm), and cell density was controlled by dilution with fresh medium when the OD value in the NI region exceeded a certain value.
Methyl viologen (MV) treatment. MV was added at a final concentration of 50 µM to liquid culture medium to achieve optical density at 730 nm (OD 730 ) of 0.65±0.05. Negative control samples without MV were prepared at the same time. The samples were incubated for 30 min at the specified light intensity, and cells were collected by 5-min centrifugation at 4,400 xg at 30 ºC, re-suspended in fresh BG-11 medium to remove MV, centrifuged again, and re-suspended again in fresh BG-11 to produce the cell density required for subsequent measurements.
Measurement of intracellular ROS level.
Intracellular ROS level was measured as described previously with slight modifications (27, 34) . 
